Retrospective characterization of a (30 MeV D, Be) neutron source was performed employing multi-foil activation and STAYSL-PNNL. Experimental reaction rates were calculated from gamma spectroscopy measurements of irradiated foils and MCNP provided the guess spectrum. Adjusted spectra were evaluated through activation calculations for a stainlesssteel target using FISPACT-II. Adjusted spectra showed limited dependence on the dosimetry reactions and provided minor improvements in activation calculations. Omitting reflected neutrons in the guess spectrum generated poor activation results and the limited number of dosimetry reactions introduced doubt in the adjusted spectra. A dedicated neutron spectrometry experiment and a more detailed simulation is required.
Introduction
The Crocker Nuclear Laboratory at the University of California-Davis campus (UC Davis) maintains a 76-inch cyclotron capable of producing neutrons through the d?Be family of neutron sputtering reactions. To date, little work has been done to characterize this neutron source, and current experiments are relying on legacy data [1] . Neutron production from a d?Be source at high deuteron beam energies produces fast neutrons through the (d, n), (d, 2n), (d, np), and (d, 2np) reactions on Be-9, with the average neutron energy being slightly less than 0.4*E d , where E d is the deuteron beam energy [2, 3] .
A well characterized neutron spectrum is required for studying radiation effects and performing other nuclear physics experiments due to the energy dependence of neutron cross sections. The use of simulations with deterministic or stochastic computational codes also requires a validated neutron energy distribution as an input parameter to obtain meaningful results. The act of determining the neutron energy distribution, termed neutron spectrometry, may be performed through the analysis of recoil nuclei from neutron scattering, reaction-induced charged particle emission, or threshold material activation, among other methods [4, 5] . The multi-foil activation technique is often chosen for its convenience and applicability to all neutron fields. However, the multi-foil activation technique requires the proper selection of activation materials and computational methods to solve the inverse neutron spectrum unfolding problem [3, [5] [6] [7] [8] . Iterative and leastsquares methods of solving the unfolding problem also require an initial guess spectrum, usually provided by Monte Carlo codes.
This work used the STAYSL-PNNL suite of modules to perform retrospective least-squares spectral adjustment based on foil activation experiments performed using the UC Davis (30 MeV D, Be) neutron source [9] . The initial guess neutron spectrum was obtained from a simple model of the irradiation setup using the Monte Carlo N-Particle version 6.1 (MCNP) radiation transport code [10] . STAYSL-PNNL was selected because of its ability to handle neutron energies above 20 MeV, a situation that is encountered when using high deuteron beam energies. The objective of this work was to determine if the simplicity of the simulation and the limited number of activation foils was sufficient for retrospective determination of the neutron energy distribution, or if a dedicated neutron spectrometry experiment is required. The adjusted neutron spectra were then evaluated in activation calculations for a stainless-steel target using the FISPACT-II code [11] .
Experimental

Foil irradiations
A series of four foil activation experiments were conducted using the d?Be source at UC Davis with Al, Au, Co, Cu, Fe, Ni, and W activation foils obtained from Shieldwerx [12] . A stainless-steel type 304 (SS) foil from Goodfellow was included in one run as well [13] . Each experiment used a beam energy of 30 MeV and beam current of 10 lA. Irradiation times were either 4.0 h or 7.0 h in duration. A summary of the experimental parameters is given in Table 1 . Gamma-ray spectroscopy was used to measure activities of selected reactions, listed in Table 2 , found in the International Reactor Dosimetry and Fusion File (IRDFF) library version 1.05 [14] . Measurements were performed on a suite of HPGe detectors and analyzed using GAMANAL, with each sample having multiple independent counts and decay times up to 17 d [15] . The independent counts were used to calculate a weighted average of the activity at the end of irradiation for each reaction product listed in Table 2 .
MCNP guess spectrum MCNP version 6.1 was used to model the d?Be neutron source at UC Davis. The model consisted of a Be-9 cylinder with a Cu jacket, the target frame, and the target foil. The Be-9 cylinder was 2.54 cm long with a 0.635 cm radius. The Cu jacket was 20 lm thick on all sides of the cylinder. The target frame was modeled as a rectangular parallelepiped 5.08 cm high, 3.71 cm wide, and 0.795 cm thick, with a 1.34 cm radius cutout through the center. The sample foil had a radius of 0.635 cm and was 0.0254 cm thick. The target frame composition was modeled as muscovite [16] . Natural element descriptions were used for the Be cylinder and Cu jacket, while the target foil was treated as a void. The geometry of the model is shown in Fig. 1 , with all components aligned to share the central axis of the Be-9 cylinder. The physical characteristics of the room in which this neutron source is housed were not considered in this work. The consequence of this is that there is no estimation of the contribution of reflected neutrons in this simulation.
The MCNP simulation used a monodirectional and monoenergetic deuteron source at 30 MeV and ran 5 9 10 9 source particles to ensure good statistics. The CEM03.03 and LAQGSM03.03 physics models were used to handle deuteron interactions. The F4 tally was used to tabulate the neutron spectrum as seen by the target foil, using 1000 equal unit lethargy bins up to 60 MeV. The simulated neutron spectrum is shown in Fig. 2 as the neutron energy group probability distribution, along with the legacy data for comparison.
Spectral adjustment and activation calculations
The STAYSL-PNNL software suite is a collection of modules used to determine self-shielding and irradiation history correction factors, calculate reaction rates based on experimentally measured activities, and then perform spectral adjustment on a user supplied guess spectrum using a least-squares approach [9] . The suite of modules utilizes the cross-section and covariance data available in the IRDFF-1.05 library. The irradiation characteristics detailed in Table 1 were used as input to the Beam Correction Factors (BCF) module to correct for irradiation history. The SigPhi Calculator used the BCF output, experimental specific activities, gamma self-shielding factors, and foil composition data to calculate reaction rates relative to the number of target atoms for each reaction. The SHIELD module used foil and irradiation characteristics to calculate neutron self-shielding factors. This work used the pre-compiled 725 energy group structure crosssection and covariance data files, based on IRDFF-1.05, generated from the NJOY99/NJpp modules [17] . Output from the SigPhi Calculator and the SHIELD module were used with the 725 group data files and the MCNP guess spectrum in Fig. 2 as input for the STAYSL-PNNL leastsquares adjustment module. The FISPACT-II code was used to evaluate the MCNP guess spectrum and the STAYSL-PNNL adjusted spectra through activation calculations on the SS foil. The guess and adjusted spectra were converted to the 709 energy group structure in FISPACT-II and used the JEFF-3.2 library for activation calculations [18] . The irradiation in FISPACT-II was defined to match Run 4 which included the SS foil. The irradiation time was 7.0 h and the flux magnitude was calculated to be 3.43(17) 9 10 10 n cm -2 s -1 , based on the n/d production ratio determined by MCNP and the deuteron beam current. Calculated/Experiment ratios of activation rates were used to compare the different spectra.
Results and discussion
Adjusted neutron spectra
All STAYSL-PNNL results had large Chi squared values, signaling low confidence in the results. This was likely caused by the limited scope of the reactions used as constraints for the least-squares adjustments. Additional reactions were available from IRDFF-1.05, based on the foils used, but are subject to interference from multiple reaction pathways to common activation products in natural abundance element foils. This issue is more pronounced for higher energy neutron sources, as discussed by Greenwood [19] . The retrospective nature of this work did not allow for the pre-selection of a sufficient number of dosimetry reactions and the work was further limited by what was actually detected. To appropriately solve the neutron unfolding problem, a proper number of dosimetry reactions with reaction thresholds covering the anticipated energy range is required. Based on the current version of the IRDFF library, isotopically pure target foils are also required to increase the number of reactions available for selection. The initial MCNP guess spectrum and adjusted neutron spectra from each run are plotted in Fig. 3 as group flux probabilities using the 725 energy group structure. All spectra show the same general shape, with the adjusted spectra being lower in magnitude than the initial MCNP guess. At lower neutron energies, 10 -4 -10 -2 MeV, the adjusted spectra probabilities are comparable to the initial MCNP spectrum. Also, the adjusted spectra are nearly identical and show two strong peaks at neutron energies of approximately 6 keV and 11 keV. These peaks are strongest for Run 3 (green), followed by Run 2 (yellow), then by Run 1 (blue), and finally Run 4 (gray). Further comparison between spectra showed that the average neutron energy shifted slightly downward from 18.948(16) MeV in the MCNP spectrum to an average of 17.35(9) MeV in the adjusted spectra. The average neutron energy for all adjusted spectra agreed within 1-sigma uncertainty.
The cumulative probability distributions of the adjusted spectra, along with the MCNP guess spectrum, are plotted in Fig. 4 . The MCNP spectra shows a slightly broader neutron energy distribution than the adjusted spectra, with a greater percentage of neutron energies falling outside the 10-20 MeV range. The cumulative distributions are additional evidence of just how similar each of the adjusted spectra are. The similarities between runs show that differences in the limited number of dosimetry reactions used as constraints each in run do not significantly influence the adjusted spectra, placing more importance on the quality of the initial guess spectrum. However, more work is needed to confirm this point since the Chi squared values were unacceptable.
FISPACT-II calculations
The use of FISPACT-II for activation calculations required re-binning of the MCNP guess spectrum and STAYSL-PNNL spectra to the 709 energy group structure. Changing the energy group structure caused a minor distortion of the adjusted spectra in the 1-10 MeV range for the adjusted spectra. An example of the degree of distortion is shown in Fig. 5 for Run 3. Additionally, the probabilities of the Fig. 3 Comparison of neutron energy group flux probability distributions on linear (top) and log (bottom) scales for the MCNP guess spectrum (red, line), and the STAYSL-PNNL adjusted spectra for Run 1 (blue, dash), Run 2 (yellow, dot), Run 3 (green, short dash), and Run 4 (gray, short dot). (Color figure online) Fig. 4 Cumulative group flux probability plots for the MCNP guess spectrum (red, line) and the STAYSL-PNNL adjusted spectra for Run 1 (blue, dash), Run 2 (yellow, dot), Run 3 (green, short dash), and Run 4 (gray, short dot). (Color figure online) Fig. 5 Comparison of the Run 3 STAYSL-PNNL adjusted spectra in 725 energy groups (red, line) and the spectrum re-binned to the FISPACT-II 709 energy group structure (blue, dash). (Color figure online) lowest energy neutrons were elevated when re-binning from the STAYSL-PNNL 725 group structure to the FIS-PACT-II 709 group structure. The cross sections of individual reactions should be examined to determine any effects of the re-binning process. The MCNP guess spectrum also showed some distortion due to re-binning, this time in the 10-30 MeV range. The result was that the most probable neutron energy was shifted a few MeV higher.
Calculated/Experiment (C/E) results for the activation of the SS foil in Run 4 are shown in Table 3 , with 1-sigma uncertainty, for each of the spectra discussed in this work. C/E values were calculated by taking the ratio of saturation activities (reaction rates) from FISPACT-II calculations and experimental gamma spectroscopy measurements. The C/E results based on the MCNP spectrum were consistently further away from the ideal value of 1 than those for the adjusted spectra. This indicated that spectral adjustment with STAYSL-PNNL did improve upon the initial neutron energy spectrum. Since the neutron distributions for all adjusted spectra were very similar, it is no surprise that the C/E values for Runs 1-4 were nearly identical.
Even though there was improvement in the C/E values from the MCNP spectrum to the adjusted spectra, they are still significantly different from the ideal value of 1. The poor C/E values of the FISPACT-II calculations highlight the need for a dedicated neutron spectrometry experiment. Additionally, the simulation needs to be expanded to include a definition of the room in which the neutron source is housed, which will provide an estimate of the contribution of thermal/epithermal neutrons reflected by the room environment. A better estimation of the thermal/ epithermal neutron contribution would lower the average neutron energy, providing a greater probability of low energy neutrons. The resulting effect would be a greater portion of neutrons available at energies that have larger cross-section values, thereby increasing the reaction rate for a given activation product.
Another concern is that the limited number of reactions used in this work did not provide sufficient constraints for the neutron spectrum unfolding problem, as evidenced by large Chi squared values. Additionally, limitations of the nuclear data available for the FISPACT-II may also contribute. Cross-section data may have contributed to errors since the data for many of the reactions producing the activation products in Table 3 do not exceed 20 MeV. For the adjusted spectra, the portion of the neutrons above 20 MeV is approximately 15% and may affect the results.
Conclusions
This work used multiple computation codes in an effort to retrospectively characterize the neutron spectrum of the (30 MeV D, Be) neutron source at the University of California-Davis Crocker Nuclear Laboratory through the multi-foil activation technique. An MCNP simulation provided an initial guess spectrum, the STAYSL-PNNL suite of modules generated adjusted spectra using a leastsquares approach to fit experimentally measured activities, and FISPACT-II was used to evaluate the adjusted spectra through activation calculations, which were compared against experimental results.
Comparison of the STAYSL-PNNL adjusted spectra showed little dependence on the selected dosimetry reactions, with all four runs being nearly identical. The major difference between the adjusted spectra and the MCNP guess spectrum was the emergence of strong peaks in the adjusted spectra at neutron energies of approximately 6 keV and 11 keV. The spectral adjustment process also shifted a greater number of neutrons into the 10-20 MeV range relative to the MCNP spectrum, slightly lowering the average neutron energy from 18.948(16) to 17.35(9) MeV.
The C/E results for the FISPACT-II activation calculations with the adjusted spectra showed minor improvements over those for the MCNP spectrum but were still significantly different that the ideal value of 1. The simplified definition of the simulation environment was the major hindrance, which omitted any contribution of low energy reflected neutrons from the MCNP guess spectrum. This resulted in an over estimation of the high neutron energy region of the spectrum and limited nuclide production rates due to lower corresponding cross-section values. Additionally, the adjustment process only had a small number of constraints, which led to large Chi squared values and placed doubt in the adjusted spectra.
A dedicated and carefully planned experiment is required to achieve satisfactory results for the adjusted (4) neutron spectrum. Such an experiment would involve the careful selection of single reaction pathways for activation products in isotopically pure foils, due to current limitations in the IRDFF-1.05 library. This future experiment would be complemented by a fully defined simulation environment which includes the room geometry for the neutron source, allowing for an estimation of the reflected neutron contribution.
